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Abstract: Two-dimensional (2D) optics is gradually emerging as the frontier in modern 
optics. Plasmons in graphene provide a prominent platform for two-dimensional optics in 
which the light is squeezed into an atomic scale. This paper highlights some recent progresses 
in graphene plasmons towards the 2D optics. The launching, observation, and advanced 
manipulations of propagating graphene plasmons for 2D optical circuits are described. 
Representative achievements associated with graphene metasurfaces, challenges, recent 
progresses like photoexcited graphene metasurfaces and transformation optics linking 2D to 
bulk optics with singularity are investigated.  
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1. Introduction 
Graphene has been intensively studied for applications in nanoelectronics and 
nanophotonics.[1-5] It has stimulated intensive studies in two-dimensional (2D) materials [6-8] 
since the first exfoliation from graphite by Geim and Novoselov.[9] There have been numerous 
reports regarding the advantages of graphene, which is fascinating for applications in 
nanoelectronics due to its high mechanical strength,[10] electronic mobility,[11] and thermal 
conductivity.[12] Graphene also has been extensively investigated aiming toward potential 
applications in advanced photonics.[13-17] Graphene supports stronger bonding of surface 
plasmons,[18-29] and the Dirac fermions provides large tunabilities in optical response via 
magnetic field, electrostatic field, and doping in ultra-wide bands.[30-33] Compared to the 
conventional plasmonic materials—noble metals, the plasmonic resonance of graphene 
resides in the technically important bands: terahertz and infrared frequencies.[15, 34-49] 
Graphene plasmons show much stronger confinement of light compared to that in noble 
metals. The light is localized in the vicinity of the atomic thin film, providing a novel 
platform to manipulate light in a 2D manner. It had been shown that the  propagation of 
plasmons can be freely controlled in graphene sheet.[32]  
Furthermore, the localized surface plasmon resonances in structured graphene (such as 
graphene islands) demonstrate stronger field confinement around the edge of graphene 
particles and provide more flexible and complex manipulation to the light fields.[50-59] 
Graphene sheet can be patterned into rationally designed micro/nano-structures as atomically 
thin metasurfaces, with which, significantly enhanced light-graphene interactions have been 
demonstrated. Metamaterials,[60-73] formed by tailored subwavelength building blocks, serve 
as a promising platform for versatile manipulation of light by exploiting the excitations of 
plasmonic resonances and Mie resonances. Metamaterials made of a single or a few planar 
layers, named as metasurfaces,[74-81] have attracted particular interests in light manipulation. 
Considering the physical dimension of materials, the realistic 2D material—graphene is with 
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natural connection to artificial 2D materials—metasurface. Moreover,  mutual promotions can 
be achieved by exploiting graphene metasurfaces: i) replacing conventional plasmonic 
materials—noble metals with graphene will provide frequency-agile responses for local 
resonant metasurfaces; and the elements of graphene metasurface possess superior 
subwavelength property, which shall greatly benefit various applications in wavefront 
engineering. ii) one can get the significantly enhanced light-graphene interactions in graphene 
metasurfaces. Various graphene-based metasurfaces have been investigated experimentally 
and theoretically for functional manipulations of terahertz and infrared light,[82-104] including 
high-performance absorber, cloaking, polarization control, wavefront engineering, sensing, 
nonlinear optics and lasing. 
In studying optical properties of graphene, it is generally modeled with a frequency-
dependent dynamic conductivity under the random-phase-approximation (RPA).[105-107] The 
model takes into account both contributions from intraband and interband transitions. The 
surface conductivity is associated to the doping level of graphene, or the Fermi energy away 
from Dirac point. The conductivity can be significantly tuned by shifting the Fermi energy via 
electric field, magnetic field, and chemical doping.[30-31, 33, 84, 93, 108] Both the propagating and 
localized graphene plasmons are beneficial for dynamical control of optical signals on a 
surface, providing a platform for 2D optics. However, there are still many challenging aspects 
in developing practical 2D optical components and systems based on graphene plasmonics. 
These include: i) the weak light-graphene coupling and the intrinsic loss in graphene 
significantly limits the performance of optical devices based on graphene, so, to enhance the 
light-matter interaction in graphene is of fundamental importance to take further advantage of 
graphene based 2D plasmonic devices and systems. ii) designing methods for 2D optical 
components based on graphene plasmons have been seldomly studied compared to that in 
bulk optics. The development of efficient strategies for this task is essential for myriad 
applications based on the 2D surface plasmon excitations in graphene. 
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The review will show some state-of-the-art research activities in the field of graphene based 
2D optics including 2D optical circuits with propagating graphene plasmons and graphene 
metasurfaces with properly excited localized graphene plasmons. We will also present 
perspectives and challenges in future applications of graphene based 2D optics. Though we 
mainly focus on the graphene, it should be noted that space restrictions force us to leave out 
many other optical researches on 2D materials beyond graphene that relate to 2D optics 
concepts. For the advances regarding other 2D materials beyond graphene in this fast-
developing field,  the readers can refer to some specific literature focusing on the related 
topics. 
 
2. Propagating graphene plasmons: 2D optical circuits 
Surface plasmon mode at the interface of metal and dielectric is promising in manipulating 
light waves with wavelengths much smaller than that in free space, which enables 
subwavelength optics for nanophotonic devices.[109-110] The optical fields can be highly 
confined and guided in the vicinity of metal-dielectric interface especially at visible spectrum. 
However, the weak confinement and increased losses at lower frequencies make plasmons in 
noble metals less attractive for terahertz and mid-infrared applications.[15] As discussed above, 
the intraband transition contribution of graphene on its surface conductivity is similar to that 
of plasmonic metals, and the plasma frequency of graphene can be freely tuned via various 
dopings. The carriers in doped graphene can be excited collectively, similar to the plasmonic 
oscillations in noble metals. The simplest dielectric/graphene/dielectric structure supports TM 
plasmons. The plasmon dispersion of a graphene film follows the general relation of 2D 
systems, i.e., . Considering the realistic carrier concentration in graphene, the 
plasmon frequency of graphene lies in the terahertz and infrared regime. Comparing to the 
plasmons in noble metals, the graphene plasmons present many appealing properties 
including: i) Strong confinement of optical fields within the atomic scale around graphene 
( )pl q qw µ
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sheet, providing a new platform for nonlinear plasmonics and sensitive biosensing 
applications; ii) Significantly tunable plasmonic response, originating from its strong 
dependence on the Fermi energy relative to the Dirac point, and such a property is very useful 
in achieving active plasmonic optics. 
2.1. Fundamental properties and observation of the propagating graphene plasmons 
Pioneering theoretical work by Mikhailov and Ziegler predicted that there exists a 
transverse electric mode in graphene due to the unique linear “relativistic” spectrum of charge 
carriers.[19] Jablan et al. studied plasmons in doped graphene using RPA and number-
conserving relaxation-time approximation with experimentally available graphene parameters. 
They showed that it is possible to realize strong wave localization and low losses 
simultaneously under sufficiently large doping at frequencies below the optical phonon mode. 
Although the collective surface charge oscillation in graphene is similar to surface plasmons 
in metals, it is noted that the plasmon in graphene is 2D collective excitations. Since electrons 
in graphene are localized in the transverse dimension,[111] and the unique electronic dispersion 
in graphene (linear Dirac dispersion) leads to essentially different dispersions of plasmons,[18] 
it would be divertive to experimentally excite and measure the propagating graphene 
plasmons. It has been reported some measurements of the plasmon dispersion in graphene 
films with electron energy loss spectroscopy (EELS) technique, in cases of monolayer 
graphene and multilayer graphene positioned on a SiC wafer and on a copper film by 
chemical vapor deposition (CVD).[112-113]  
Later, a kind of developed scanning near-field optical microscopy (SNOM), namely the 
scattering-type SNOM was employed for direct launching and imaging the high-q graphene 
plasmons.[21-22] The diagram of the nano-imaging is illustrated in Figure 1a.[21] In the 
experimental setup, the acuate tip (radius of curvature: 25 nm) of an atomic force microscope 
(AFM) is irradiated with a focused beam. The spatial resolution of scattering-type SNOM is 
proved to be far smaller than the plasmon wavelength of graphene. From the scattering 
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amplitude, the electric field force inside the nano-gap can then be directly demonstrated. It is 
not necessary to fabricate specialized periodic structures within the scattering-type SNOM 
technique. A frequency ω = 892 cm−1 accordant to a wavelength of 11.2 µm in the infrared 
regime was set to study undeviatingly the characteristics of graphene plasmons. Figures 1b–e 
indicate the nano-imaging results at the graphene–SiO2 interface, the boundary between 
different layered graphenes, around point and circular defects, and strongly tapered corners of 
graphene respectively. In all these cases, a periodicity of around 100 nm is observed of the 
fringe patterns, confirming that the graphene plasmon has  a wavelength of 200 nm. 
 
 
Figure 1.  a) Diagram of an infrared nano-imaging experiment at the surface of graphene on SiO2. Green 
and blue arrows display the directions of incident and back-scattered light, respectively. Concentric red 
circles illustrate plasmon waves launched by the illuminated tip. b-e) Images of infrared amplitudes (ω = 
892 cm−1) defined in the text taken at zero gate voltage. These images show a characteristic interference 
pattern close to graphene edges (blue dashed lines) and defects (green dashed lines and green dot), and at 
the boundary between single and bilayer graphene (white dashed line). Locations of boundaries and defects 
were determined from AFM topography taken simultaneously with the near-field data. Scale bars, 100 nm. 
All data were acquired at ambient conditions. Reproduced with permission. [21] Copyright 2012, Nature 
Publishing Group. 
 
Chen et al. demonstrated the launch and detection of propagating optical plasmons in 
tapered graphene nanostructures using near-field scattering microscopy with infrared 
excitation light.[22] In the study, real-space images of the extreme subwavelength graphene 
plasmon are directly captured. Strong optical field confinement turns a graphene 
nanostructure into a tunable resonant plasmonic structure with extremely tiny mode volume 
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and the subwavelength sized resonance can then be controlled in situ by doping the graphene. 
Complete switching of the resonant plasmonic modes is implemented for a graphene-based 
optical transistor. The local density of optical states (LDOS) maps were theoretically 
computed to understand the underlying mechanisms of the observed resonant optical modes 
and the interference fringes in the tapered graphene nanostructures. The calculated LDOS 
maps (Figure 2a) demonstrate interference fringes parallel to the graphene edge and localized 
fields around the tip.  The high consistency between experiment and theory confirms that the 
plasmon interference originated from plasmon reflections at the graphene margins leads to the 
fringes in the broader part of the ribbon. 
Phase-resolved scattering-type SNOM technique was developed by Gerber et al. to retrieve 
the complete amplitude and phase information via spatially resolved image of graphene 
plasmons.[23] In the setup, the tip-scattered field is enhanced at the HgCdTe detector (Kolmar 
Technologies) with the background signal of the Michelson interferometer with beam-splitter. 
The abundant complete tip-scattered near field can be measured accurately by gathering 
raster-scanned imaging for orthogonal reference phases. The experimental setup was used to 
investigate the discrete and reflected surface plasmon polaritons (SPPs) by interruptions such 
as margins, defects, and grain boundaries, providing nanoscale perspective for the study of 
local electronic structure and dynamics in graphene. Figure 2b shows the AFM photo, near-
field amplitude, and phase in an area of monolayer graphene with grain boundaries and folds.  
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Figure 2. a) Spatial distribution of the LDOS calculated for homogeneous ribbons with increasing width 
(from bottom to top), supported on a dielectric with relative permittivity 3 (left) or 0.5 (right). The ribbon 
width of the two lowest-order modes is shown in units of the plasmon wavelength of extended graphene. b) 
From left to right: AFM topography, near-field amplitude, and near-field phase of a region of single-layer 
graphene with a high concentration of grain boundaries and folds. c) Left: Schematic of the reflection of a 
graphene plasmon by an edge. A graphene plasmon propagating from left to right (shown by a red arrow) 
acquires a phase ΦR and then propagates back (which is shown by a blue arrow). Right: Computed absolute 
value of the magnetic field created by the interference between the incident graphene plasmon and that 
reflected from the edge. a) Reproduced with permission. [22] Copyright 2012, Nature Publishing Group. b) 
Reproduced with permission.[23] Copyright 2014, American Physical Society. c) Reproduced with 
permission.[114] Copyright 2014, American Physical Society. 
 
The investigation on the propagation and scattering of graphene plasmons in finite-sized of 
graphene domains with edges or boundaries is rather insufficient.  Distinct features compared 
to that of bulk or 3D optics is expected. For instance, recently Nikitin et al. demonstrated an 
anomalous reflected phase of graphene plasmon at the boundary (Figure 2c).[114] Launching 
of propagating plasmons in a controlled manner is another important issue for 2D 
nanophotonics applications. Apart from the scattering-type SNOM based excitation of 
graphene plasmons, some different methods were proposed for launching and controlling 
propagating graphene plasmons: asymmetric surface plasmon dispersion caused by a 
magneto-optical substrate was proposed by Liu et al. for directional excitation of graphene 
plasmons. The direction of launching can be manipulated by gating the graphene layer with 
(a) (b)
(c)
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electricity.[115] Wang et al. demonstrated that a circularly polarized dipole and two mirror 
image symmetric dipoles with orthogonally polarizations can be properly controlled for 
directional generation of propagating graphene plasmons.[116] Vantasin et al. found that a 
monolayer graphene nanoridge with no foreign objects, can support standing SPP waves. And 
with double-nanoridge system and wavelength-sorted launching, unidirectional SPP excitation 
of graphene plasmons can be demonstrated with normal illumination with linear 
polarization.[117] Constant et al. illustrated that the generation of graphene plasmons can be 
accomplished without local scatters by manipulating the phase matching conditions.[118] 
Recently, significant progresses have been achieved in experiments: i) Ballistic graphene 
plasmon at low temperatures was investigated using nano-scale infrared imaging and an 
intrinsic propagation length up to 50 plasmonic wavelengths was experimentally 
observed;[119-120] ii) Graphene acoustic plasmons modes[121] have been demonstrated to have 
confinement down to the length scale of single atom.[122] All these fundamental studies and 
progresses on the graphene plasmon excitations strongly support advanced manipulations on 
the graphene plasmons towards functional applications. 
2.2. Wavefront engineering of the propagating graphene plasmon 
The tunable graphene plasmon was proposed for wavefront engineering in a flake of 
graphene. A study theoretically showed that, by designing and manipulating spatially 
inhomogeneous, non-uniform conductivity patterns across a flake of graphene, one can 
achieve one-atom-thick infrared metamaterials and transformation optical devices.[32] A 2D 
waveguide consisting of three different regions on the atomic thick graphene was designed 
(Figure 3a, left panel). And one step further, an IR splitter, according to the waveguide notion, 
was accomplished with suitable conductivity patterns plan on the graphene, generated, for 
example, using rugged ground plane or other techniques to produce indispensable spatial 
distribution of the biased electric field (see Figure 3a, right panel). The inhomogeneous 
conductivity patterning can be realized with different techniques, such as using uneven 
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ground plane, fabricating non-uniform dielectric spacers, and applying gate electric or 
magnetic field.  
 
Figure 3.  a) Simulation results of electric field for an IR-guided wave at 30 THz along the ribbon-like 
section of graphene (left) and the ribbon-like section splits into two paths (right). Different scale bars in 
each panel. b) SPP excitation along homogeneous uniaxial metasurfaces by a z-oriented dipole emitter 
(represented by a black arrow) located at a distance of 10  nm above the surface. The 2D plots show the Ez 
field component of propagating SPPs. The insets present the corresponding isofrequency contour. Top left: 
Isotropic metasurface. Top right: Extremely anisotropic conductive-near-zero metasurface. Bottom: 
Hyperbolic metasurfaces. c) Surface plot of the intensity pattern on the 2D-sheet demonstrating SPP 
focusing at the desired focal spot calculated using effective model (left) and the intensity pattern calculated 
using COMSOL for the three-dimensional structure with actual holes for comparison. The focal spot 
shifted due to the additional phase difference  (π) added by the holes. a) Reproduced with permission. [32] 
Copyright 2011, AAAS. b) Reproduced with permission. [123] Copyright 2015, American Physical Society. 
c) Reproduced with permission. [124] Copyright 2016, American Chemical Society. 
 
(a)
(b)
(c)
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In addition to this spatial nonuniform conductivity route for engineering the wavefront of 
graphene plasmon, various novel mechanisms were also proposed, including the wavefront 
engineering with phase transition in anisotropic graphene sheet and distributed in-plane or 
out-of-plane scatters that modulate the amplitude and phase of propagating graphene 
plasmons. The concept of ultrathin hyperbolic and extremely anisotropic conductive sheet, 
which allows strong light-matter interactions while providing extreme field confinement, was 
introduced for the control of 2D plasmons for their novel dispersion relation (see Figure 
3b).[123] And these properties were suggested to be realized in extremely anisotropic planar 
hyperlens obtained with proper adjustment to the conductivity of a uniform 2D graphene.  
It is found that the propagating features of SPPs in 2D sheets like structured graphene films 
can be made similar to the guiding of plane waves in consubstantial layers with slight out-of-
plane scattering.[124] With the use of reflection, refraction, diffraction, and also generalized 
refraction laws analogous to plane waves, it is achievable to control the in-plane propagation 
of surface waves. For example, the 2D SPPs in a  hole drilled homogeneous 2D-sheet was 
studied for focusing. Figure 3c demonstrates the intensity pattern of a hole system with 
properly designed lateral dimensions. Graphene plasmons concentrate light in a region of 
atomic scale, suggesting the possibility of using graphene plasmons for the construction of 
true 2D photonic circuits. 
 
3. Localized graphene plasmonics: 2D metasurfaces 
Renewed interest in graphene plasmons has come from recent advances in producing large 
scale graphene films and graphene based micro/nanostructured materials. One of the most 
attractive aspects of the collective excitations in structured graphene is the in situ much 
stronger concentrated light and the significantly enhanced modulation of the reflection, 
transmission, and absorption spectra in comparison to that of a homogenous sheet. The 
realization of 2D micro/nanostructures by patterning graphene films into periodic arrays 
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provides opportunities in manipulating light with atomically thin sheets, and exploiting 
tunable graphene plasmon resonances.  
Plasmonic metamaterials composing subwavelength-sized elements are promising for the 
manipulation of light on a subwavelength scale. A special class of metamaterials made of a 
single or few layers, named as metasurfaces, has been studied from various perspectives in 
recent years to explore novel light manipulation capabilities. The meta-surface is with natural 
connection to graphene in the view of following aspects: i) replace the conventional 
plasmonic materials with graphene for frequency-agile responses and it is of fundamental 
importance in extending the working frequency band of resonant metamaterials and 
metasurfaces; ii) the kinetic inductance is dominant with respect to the geometric inductance 
in the resonant graphene patterns, leading that graphene metasurfaces will operate at a deep-
subwavelength scale, very well described as an effective medium avoiding periodicity 
artifacts;[40] iii) atomically thin graphene metasurfaces considerably strengthen the light-
graphene interactions. 
3.1. Tunable plasmonic resonances in graphene metasurfaces 
The unusual graphene plasmon was theoretically studied for a new platform with strong 
light-matter interaction.[20] It is found that the graphene plasmons demonstrate much tighter 
confinement and longer propagating distances, and show the highly tunable feature via kinds 
of doping. Graphene sheets with nanometer-sized patterns including nanoribbons and 
nanodisks were found to yield further advantages, such as extreme field confinement in all-
dimensions, plasmonic resonances engineering and increased coupling efficiency in optical 
fields. Long et al. experimentally demonstrated the tunable graphene plasmonic excitations in 
terahertz in engineered graphene ribbons.[50] It is demonstrated that by properly changing the 
width of micro-ribbons and applying in situ electrostatic doping, one is able to adjust 
graphene plasmon resonances over a broad terahertz frequency range. Plasmon excitations in 
the array of graphene micro-ribbons can be controlled via electrical gating for absorbing 
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perpendicularly polarized light. Prominent plasmon absorption peaks are observed in 
experiments, and upon increasing carrier concentration, the resonances show a blue-shift in 
frequency with enhanced oscillation strength. It is also practicable to control plasmon 
excitations in graphene by engineering the geometric size of the ribbons. The top panel of 
Figure 4a displays AFM images of three different ribbon arrays with corresponding widths of 
1, 2 and 4 µm, respectively, and the bottom panel of Figure 4a shows the spectra of gate-
induced transmission decrease [ ,  is the transmission coefficient at the 
charge neutral point] for the three structures. The plasmon resonance is observed to shift to 
higher energy while the ribbon width decreases. Therefore, by adjusting the width of nano- 
and micro-ribbons with a larger range, the resonance can be readily engineered in the whole 
terahertz regime.   
CNTT T TD = - CNTT
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Figure 4. a) AFM images of samples with micro-ribbon widths of 1, 2 and 4 µm. Change of transmission 
spectra with different graphene micro-ribbon widths for the same doping concentration of 1.5× 1013 cm-2. b) 
Extinction in transmission, 1-T/T0, in stacked plasmonic devices with one, two and five graphene layers. 
Normalized plasmonic resonance frequency versus normalized total carrier density (bottom). c) A GSR 
resonator with diameter D, width W and gap distance g. (b) The normal-incidence transmittance (blue) and 
(a) (b)
(c)
(d)
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absorbance (red) spectra of a square split ring array on monolayer graphene (solid curves). d) Schematic of 
the single-layer graphene cut-wire structure, and extracted effective surface conductivities for graphene cut 
wire arrays with different set of graphene data. a) Reproduced with permission.[50] Copyright 2011, Nature 
Publishing Group. b) Reproduced with permission.[56] Copyright 2012, Nature Publishing Group. c) 
Reproduced under a Creative Commons Attribution-NonCommercial-Share Alike 3.0 License.[43] 
Copyright 2013, Nature Publishing Group. d) Reproduced with permission.[91] Copyright 2015, American 
Chemical Society.  
 
Multi-layered graphene microstructures were fabricated later by Yan et al. in graphene 
stacks, which were realized by alternatively depositing graphene and insulating layers.[56] 
They experimentally demonstrated that the plasmon in the stacked structures shows some 
non-classical features. Injecting carriers into multiple layers enhances the magnitude of 
resonance and significantly influences the frequency of plasmon resonance compared with the 
case of doping in single-layer graphene. This feature is different from conventional 
semiconductor superlattices. Figure 4b shows the extinction spectra for micro-disk arrays 
with different numbers of graphene layers. It indicates that densely-stacked graphene disks 
will lead to a drastic frequency shift of the plasmon resonance. The increased resonant 
frequency is beyond the description of classical  models, but has to be interpreted in the scope 
of quantum mechanics, according to which, the graphene plasmon resonance of massless 
Dirac fermions is proportional to .[125-126] 
The aforementioned plasmonic resonances in micro-structured graphene sheets are all of 
electric dipolar modes. The magnetic response in graphene metasurface with SRRs was found 
to be rather weak.[39] Figure 4c shows a schematic graphene split ring (GSR) with the 
diameter of 1 µm. The study mainly focused on the case with y-axis polarized electric field 
under normal incidence. Such a configuration produces an electric dipole along the direction 
of the incident field and circulating current around the ring, which results in a magnetic dipole 
perpendicular to the ring (z-direction). The maximum coupling to the ring happens at the 
wavelength around	110 µm, which is much larger than the dimension of the ring, as indicated 
-1 2!
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by the GSR resonance feature observed in the simulated transmission and absorption spectra 
of Figure 4c (right panel). Despite of the much smaller size compared to the excitation 
wavelength and the atomic thickness, the GSR-resonator metamaterial presents a clear 
resonant spectral feature with transmission declining to 94% while absorption reaching 6%. 
Both the fundamental magnetic and electric modes were excited by the introduction of  
asymmetry into the graphene SRR array,[38] and the contributions to the enhancement of 
infrared extinction and absorption of these two modes were comparatively studied. The 
magnetic resonance is rather weak represented by an extremely shallow dip in the 
transmission spectrum. In contrast, the electric mode responds to the incident field in a much 
stronger manner, showing higher extinction and absorption correspondingly.  
As the simplest structure supporting electric dipolar mode, cut-wire plays an essential role 
in the design of plasmonic metamaterials. It has been extensively investigated toward the 
realization of various novel functionalities, such as plasmon-induced transparency, optical 
antennas and polarization manipulations. We studied the tunability of  a metasurface made by 
a monolayer graphene patterned in the form of an array of cut-wire resonators in the terahertz 
regime (see Figure 4d).[91] Maximum absorption 50% was achieved under the electric dipolar 
mode. To characterize the graphene metasurface, we employed the sheet retrieval method [127], 
suitable for 2D systems, to calculate the effective electric surface conductivity from the 
complex scattering coefficients. In the view of the transfer matrix, the maximum absorption of 
the graphene metasurface would be 50%. When we applied two different sets of 
experimentally measured data of graphene (Li et al. data[30] and Yan et al. data[52]) to the 
graphene cut-wire metsurface, the calculations showed that the resonant response can be 
tuned and improved substantially in the terahertz regime. The tunable plasmonic resonances 
in graphene metasurfaces with various geometries have been intensively applied for 
significantly modulating the reflection, transmission, and absorption of light in the forms of 
plasmonically induced transparency (EIT) spectra and perfect absorbers.[87, 89, 128-140] 
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3.2. Functional light manipulations with complex 2D graphene metasurfaces 
Fundamental electric and magnetic plasmonic resonances in patterned graphene sheets are 
the basic mechanism of various functional 2D metasurfaces. Based on the theoretical and 
experimental investigations on the basic graphene plasmonic resonances, various functional 
graphene-based 2D metasurfaces were proposed for exotic light manipulations in a tunable 
manner.  
Lu et al. investigated the scattering properties of bi-ribbon graphene structures and found 
such a bi-ribbon unit will lead a large amplitude of scattering of the TM polarized wave with a  
wide phase range, potentially as a good candidate for the wave-front control.[42] To 
demonstrate the feasibility of graphene nanoribbon metasurfaces, a flat lens was designed 
with controllable focal length showing anomalous refraction (see Figure 5a). The anomalous 
angle of refraction is about 8.2°, matching the designed value considerably well yet slightly 
smaller. Such a discrepancy is due to two factors. First, the graphene unit is not diffusive, and 
the light scattered by each unit has angular distribution. Second, the size effect of the device 
can also lead to a difference between simulated results and theoretical predictions based on 
geometric arguments, in which the device size is generally considered to be much larger than 
the wavelength. Cheng et al. demonstrated tunable broadband anomalous refractions of 
circularly polarized waves with a nano-cross graphene metasurface in the infrared regime.[43] 
The scheme was investigated at various angles of incidence and different wavelengths, 
showing anomalous refraction in a broad range of frequency and angle of incidence (Figure 
5b). The anomalous refraction can also occur upon reversing the polarization of the incident 
light. In addition, it is possible to dynamically control the anomalous conversion efficiency, 
which can remain high within a broadband of frequency by only changing the Fermi energy, 
not necessary to re-optimize the structure for adjusting the resonant frequency. 
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Figure 5. a) Simulated anomalous refraction. The tilted dashed line represents anomalous refractive angle 
of 8.2°. b) Simulated anomalous phase distributions of opposite handedness circular polarization: normally 
incident LCP wave (left), LCP wave (middle) and oblique incident LCP wave (incident angle: 10°, right). c) 
Dynamically tunable reflective focusing lens by varying the Fermi energy of graphene. Graphene ribbons 
are located at the plane of z = 0. d) The electromagnetic field maps for graphene Hilbert structures (of 
levels III and V) at two lowest-order resonances. a) Reproduced with permission.[42] Copyright 2014, 
Wiley-VCH. b) Reproduced with permission.[43] Copyright 2015, Wiley-VCH. c) Reproduced under a 
Creative Commons Attribution 4.0 International License.[90] Copyright 2015, Nature Publishing Group. d) 
Reproduced with permission. [47] Copyright 2016, American Physical Society. 
 
Graphene metasurfaces with modulated geometries of ribbons were also exploited for 
efficiently steering infrared light with some reflective configuration.[90] Coupled with a 
subwavelength-thick optical cavity, the graphene ribbons were shown to achieve a near-
phase modulation with high reflectivity. Anomalous reflection, reflective focusing lenses 
and non-diffracting beam generation with the capability of dynamic tuning were also 
demonstrated. Figure 5c presents the reflective focusing with the Fermi energy of graphene 
set to be 0.56 eV. The strategy of the design can be extended to far-infrared and mid-infrared 
frequencies by correspondingly adjusting the dimensions of graphene ribbons. Graphene-
(a) (b)
(d)(c)
2p
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based metasurfaces could also be actively tuned for smart wavefront engineering in the 
reflective configuration.[141] In the study, graphene ribbons together with dielectric resonators 
were designed to cover a triangular bump for the demonstration of illusion optics, beam 
steering, and beam forming. 
Properly designed more complex 2D patterns on graphene films, i.e. the 2D graphene 
metasurfaces could provide luxuriant functional light manipulations for diverse applications, 
including functionalities of polarization-independent, and strong polarization conversions etc. 
For instance, graphene metasurfaces with both positive and negative graphene Hilbert 
metasurfaces of levels from I to V were investigated throughout the terahertz and mid-infrared 
range.[47] It was shown that graphene fractal metasurfaces can exhibit a tunable and broadband 
absorption. Multiple resonances in the fractal graphene metasurface were designed for the 
broadband response in terahertz regime. Figure 5d shows the electromagnetic field maps for 
graphene Hilbert structures (of levels III and V) at two lowest-order resonances (from top to 
bottom).   
 
4. 2D optics with graphene: Challenges and recent progresses 
Despite the strong confinement to atomic scale of graphene plasmons together with the 
tunable optical properties of graphene have proved graphene a promising candidate in 
realizing tailorable functionalities for 2D optics, some critical challenges still exist in 
developing more efficient graphene-based 2D optical devices and systems. In this section, we 
will focus on some recent progresses including: i) The photo-excitation in graphene which can 
be employed to compensate the intrinsic loss in graphene metasurfaces so as to achieve high 
performance light manipulations. ii) Developed transformation optics links the 2D graphene 
metasurface to 3D geometry. This strategy can be employed for efficiently designing 
graphene plasmon-based 2D functionalities in analogy to 3D optics.  
4.1. Photo-excited graphene metasurfaces 
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Even though graphene is promising in realizing tailorable functionalities in 2D optical 
circuits and 2D metasurfaces. The intrinsic loss in graphene would hamper many practical 
applications of its 2D plasmonic excitations. The real-part of the surface conductivity, 
representing the intrinsic loss of graphene, is fairly large, leading to a quick decay of the 
propagating plasmons and weak excitations of local resonant plasmonic modes.[38-40, 142] This 
is in fact similar to the conventional metallic plasmonic metamaterials, where the enhanced 
energy dissipation in metamaterials caused by the resonant nature of meta-atoms and the 
intrinsic loss of metals obstruct them from an efficient manipulation to the flow of light. 
Many studies have been carried out to reduce optical losses in metal-based metamaterials, 
such as avoiding sharp edges in the structure design,[143] and introducing low-loss metal like 
superconductors into metamaterials.[144-147] Incorporating active medium into metamaterials 
offers a more efficient and straightforward approach to solve the issue of losses.[148] Many 
experimental and theoretical works in recent years have shown loss compensation can lead to 
high-quality optical metamaterials via quantum dots, quantum wells and dyes.[149-153]  
The unique band structure of graphene allows the possibility of a new mechanism for loss 
compensation. The gapless and linear dispersion of the 2D Dirac Fermions can have negative 
dynamic conductivity in an ultra-wide frequency range with optical pumping.[154-159] The 
stimulated emission in graphene in the regimes of terahertz and near-infrared has been 
experimentally demonstrated with inverted Dirac fermion population through time-resolved 
spectroscopy of fast non-equilibrium carrier relaxation dynamics. The stimulated emissions in 
photo-excited graphene make graphene an excellent candidate for active photonic applications.   
The photo-excited graphene was involved in a metasurface for designing a PT-symmetric 
system in the terahertz regime. As shown in Figure 6a, These graphene metasurface and 
metal sheets are separated by a dielectric gap. A graphene metasurface with optical pumping 
may exhibit a negative surface resistance in the terahertz regime, as opposed to that of 
metallic filament. The paired loss and gain sheets can effectively realize the PT-symmetric 
  
21 
 
system,[160] and the geometry of the graphene metasurface was properly designed to balance 
the loss of a resistive metallic filament in the vicinity of the exceptional point. The 
photoexcited graphene metasurface based PT-symmetric system was suggested for sensing by 
taking advantage of the quite narrow eigenvalue bifurcation band. The existence of a PT- 
symmetric or -broken transition is very sensitive to n- or p-type surface adsorbates in 
graphene metasurfaces. The unidirectional scatterings of the proposed PT-symmetric system 
operated at the exceptional point can be chemically sensitive (see the bottom panel of Figure. 
6a). 
 
 
Figure 6. a) Top panel: Schematic integration of a PT-symmetric THz system consisting of an active 
graphene metasurface and an absorbing metallic sheet. Bottom panel: Illustration of the transmission and 
reflection of THz waves incident from the bottom (outlined as blue) and top (outlined as red) of a 
graphene-based PT-symmetric sensor, before (left) and after (right) being chemically doped. b) Magnetic 
resonances of photoexcited graphene metasurfaces with different quasi-Fermi levels at 300K. The 
transmission and absorption spectra are shown for unpumped graphene, pumped graphene with quasi-Fermi 
levels of 33 meV and 50 meV, respectively. The on-resonance local field and surface current maps  (under 
same display setting) are plotted in the middle accordingly. c) Extracted surface conductivities for 
photoexcited graphene metasurfaces with different quasi-Fermi levels at 300 K (corresponding to the cases 
(a) (b)
(c)
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in Figure 6b). a) Reproduced with permission.[94] Copyright 2016, American Physical Society. b-c) 
Reproduced with permission.[142] Copyright 2018, American Chemical Society.  
 
The negative dynamic conductivity in the photo-excited graphene was also employed in 
metasurfaces for boosting the plasmonic excitations, specifically the weakly excited magnetic 
resonance.[38-40] A monolayer photo-excited graphene is patterned into an SRR array, a most 
common magnetic structure in metasurface designs. The terahertz scattering of the photo-
excited graphene metasurfaces was investigated at both 77 K (liquid nitrogen temperature) 
and 300 K (room temperature).[142] Upon increasing the excitation power of the pump beam, 
the on-resonance transmission experiences a strong modulation from nearly unit to the 
minimum value around 8%, then shows an increment reversely, and finally the photo-excited 
graphene metasurface becomes lasing with an amplified beam propagating through the SRRs. 
The modulation and tunability are generally the same for both temperatures. Figure 6b 
presents the case at 300 K for unpumped graphene, and pumped graphene with quasi-Fermi 
levels of 33 meV and 50 meV, respectively. A sheet retrieval method was employed to extract 
the effective surface conductivity for the 300 K case, the extracted surface conductivities with 
both the real and imaginary parts for photo-excited graphene metasurfaces with different 
quasi-Fermi levels at 300 K are presented in Figure 6c (corresponding to Figure 6b). With 
the quasi-Fermi level being 33 meV, the surface conductivity is 60 times larger than that of 
the unpumped case, and the Lorentz resonance becomes much stronger. When the qausi-
Fermi level increases to 50 meV, the extracted real-part of the conductivity becomes negative, 
suggesting the graphene metasurface is photo-excited to be active. The analysis with effective 
conductivity confirms quantitatively that the resonance of graphene metasurface can be 
boosted efficiently under photo-excitations. 
4.2. Transformation optics links 2D optics and bulk optics with singularity 
To date, most of the graphene plasmonic structures were designed based on the specific 
dispersion characteristic of propagating surface plasmonics and locally resonant graphene 
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plasmonics.  These methods are relatively inefficient and not straightforward. Therefore, more 
general and straightforward method is highly desirable for the design of 2D functional optics. 
Recently, Pendry et al. proposed a strategy to reduce a dimension through a singular 
transformation which can compress one of the dimensions of a 3D system into one or more 
singular points.[161] The compression of 3D plasmonic structure can be realized by employing 
the transformation optics, which exploits the invariance of Maxwell’s equations via  
transforming the coordinates.[162-164] Taking a periodic metallic slab supporting surface 
plasmons as an example, the 3D plasmonic structure is transformed to a singular grating by 
exploiting a series of 2D conformal transformations. Then, a doped graphene layer is linked to 
the singular grating with a further step of conformal transformation. The singular grating can 
be modeled by increasing the modulation on the doped graphene layer till the electron density 
and the conductivity approach zero at a singular point. 
 
 
Figure 7. a) Graphene metasurface with periodically modulated conductivity. Conformal transformations 
are used to model a graphene sheet with periodically modulated doping level. b) Effect of losses in the 
spectrum of singular graphene metasurfaces, demonstrating how the peaks are completely merged into a 
continuum once the resistive broadening reaches the spacing between the modes. Absorbance is shown for 
the two most singular metasurfaces for different values of losses. The full bandwidth at half-maximum is 
≈11.1 THz. c) The real (solid lines) and imaginary (dashed lines) parts of the effective conductivity (red 
lines) as well as the original, homogeneous graphene conductivity (light blue lines) in the singular limit. 
Reproduced with permission.[165] Copyright 2018, American Chemical Society.  
 
(a) (b)
(c)
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The transformation-optics approach was later applied for designing graphene metasurfaces 
with broadband and tunable terahertz absorption.[165] A graphene layer with modulations on 
surface conductivity along one dimension of the surface as well as in frequency domain, is 
shown physically equivalent to a singular grating with broadband absorption under the 
conformal transformations, as shown in Figure 7a. The model system described an exotic 
phenomenon with a compacted dimension.[161] The hidden dimension significantly influences 
electromagnetic properties of the system: Transmission through a single sheet of graphene 
structure with our prescription shows a broadband strong absorption of terahertz radiation, 
which is opposed to isolated absorption peaks of a conventional grating. There exists a 
discrete series of absorption peaks, which are well separated in spectrum, for the least singular 
cases. When the weight of the plasmon is drawn into the singularity, the coupling to the 
external field is reduced. Thus, more peaks are visible in the absorption. Multiple surface 
plasmonic resonances merge into a continuum of modes when one approaches the singular 
limit as can be seen from Figure 7b (the corresponding modulated spectrum of conductivity 
is presented in Figure 7c). Higher losses in graphene layer will lead to a complete smearing 
of the spectrum, and will therefore merge the discrete peaks into a continuum. The technique 
of transformation optics was recently employed to derive the optical spectra of continuous 
graphene sheets by modulating local conductivity periodically via covering sinusoidal 
dielectric metasurfaces and achieve an efficient coupling of light into plasmons.[166]   
 
5. Conclusion and Outlook 
Manipulating light with graphene plasmon is an important way to realize deep subwavelength 
devices and systems for 2D optics. Progresses in the field include 2D optical circuits based on 
freely controlled propagating on the single layer carbon atoms, and 2D graphene metasurfaces 
with selectively excited and tailored plasmonic resonances in structured graphene layers. It 
was shown that the 2D optical platform based on graphene plasmon excitations can be 
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exploited for effective and smart manipulation of light in a wide spectrum. We also discussed 
some new developments, such as photoexcited graphene metasurfaces and developed 
transformation optics linking 2D optics to bulk optics with singularity, which may be taken to 
overcome the obstacles towards practical 2D optics. We note that the current work mainly 
focused on the 2D optics based on monolayer graphene due to space restrictions. There has 
been some interesting work recently regarding stacked graphene,[167-170] for example, 
magneto-electric effect can be acquired by twisting two graphene layers. It was 
experimentally shown that remarkably strong circular dichroism can be structurally controlled 
with a two-atom-thick chiral film.[167] Furthermore, graphene plasmonic polariton is just a 
specific case of polaritons, the concept of 2D optics and its potential applications can also 
apply to other 2D phonon and exciton polaritons. Various two-dimensional materials beyond 
graphene can be similarly employed for 2D optics, and the related topic might be devoted in 
more specific literature.[171-172]  
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